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TECHNICAL UNIVERSITY OF CRETE

School of Electrical and Computer Engineering

Abstract

Design and Implementation of a Low-Cost Portable Embedded

Positioning System in Mixed Environments

by Zisis CHAROKOPOS

In recent years, the development of positioning systems has been critical for
many applications, including autonomous vehicles, robotics, and location-
based services. Accurate positioning in mixed environments, as far as GNSS
is concerned, is a fundamental requirement, but it can be challenging due
to various factors, such as sensor limitations, real-time processing, and the
complexity of the environment. Despite these challenges, this thesis pro-
poses a positioning system that offers a promising solution. A mixed envi-
ronment is considered an environment that fulfills the requirements for both
GNSS-enabled and GNSS-denied environments. This system utilizes a stereo
camera, an embedded system, and an accurate positioning algorithm and it
achieves satisfactory results in specific scenarios. In this thesis, an initial ap-
proach of this system is implemented, and it achieves an accuracy, based on
the distance difference, of 96.27% in high-featured small areas, and 90.44% in
high-featured large areas, such features are used from the positioning algo-

rithm.
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I[TIOAYTEXNEIO KPHTHX

Xyon) Hiextpohdywy Mnyovixoyv xou Mnyovixwy Trnoloylotody

[Teplindn

Yyedtaon xou Thomoinon Popntol Evonuoatwuévou Yuotruatoc Ilpocdiopiouo
©éone Xounhot Kootoug oe Mewtd IlepiBdAiovta

Zhone XAPOKOIIOX

To teheutado ypdvia, 1 avamTun TwWV CUC TNUATWY EVTOTLOUOL VéoNg elvot onuavTL-
%1 Yl TOMAG TEdio EQUPUOYMY, CUUTEQLANUBUVOUEVLY TWV AUTOVOUMY OY NUATLY,
NG POMUTOTIXNG X TwV UTNEectOY oy Bacilovion otny tonodeoia. (¢ Yewtod
Tepi3dhhov Vewpeiton Eva mepBdAlov Tou TANEol Tig anuTACES TO00 Yia TERBIA-
hovta oto omolar umopel var yenowponowniel 6éxtne GNSS 660 xan yia tepBdiio-
VT oTa ontola auTo eV ebvon duvatd. O axpldic evtomioudg Véong ot pexTd, yio
t0 GNSS, mepBdiiovia eivon Yepehiddng Aertoupylo, ohhd Umopel vo amoTtehéoel
TEOXANOT AOYW DLAPORKY TURUYOVIWY, OTWE OL TEQLOPLOUOL TOU TEOXUTTOUY AT
Toug Ao ONTHEES, N eNelepyasion GE TEAYHATIXG YEOVO XAl 1) TOAUTAOXOTNTO TOU
nepddArovtog. Ioapd T mpoxhAoelg auTég, To GLOTNUX EVIOTIONOU VECTC TOU
TEOTEIVETOL GTNY ToEOVGA DITAWUATIXT EQYAOIO TROCYEREL Lot AOGT) TTOU YEY|OLLO-
TOLEl Ylol O TEPEOOHOTUXT| HAUUEQRU, EVOL EVOWOUATOUEVO UG TN X0t EVay ahyopLtdio
evtomiopol VEong Ue peYdhn axpifBelo Tou ETITUY YAVEL LXAVOTIONTIXE ATOTENECUA-
ToL O CUYXEXQIEVA TEPBIAAOVTAL e auTH| TNV Btmhwpotixy epyooio, VAoToleltal
ula apye) mpocéyyion tou cucTidatog autol. H axpifeio mou emtuyydvetan,
1 onola peteRinxe pe Pdon v Blopopd anoctdoewy, civar 96,27% oe meployéc
TIOU TIOREYOLY TIOAAG Yoo TnEeto Twed xan ebvon ixpric otdotaonc. Kadwg eniong,
90,44% o TEPLOYEC TIOU TOREYOUY TOAAGL YORaXTNEWO TG Xou efval UeYdANG OL-
dotaong, T omola YUpaXTNEIETIXE YENOWEVOUY GTNY dLadixacior TpoGBLOELGUOY

Veong amd Tov ahyopriuo.
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Chapter 1

Introduction

1.1 Motivation

In recent years, the development of positioning systems has been critical for
many applications, including autonomous vehicles, robotics, and location-
based services. Accurate indoor and outdoor positioning is a fundamental
requirement, but it can be challenging due to various factors such as sen-
sor limitations, real-time processing, and the complexity of the environment.
Despite these challenges, the proposed positioning system discussed in this
thesis offers a promising solution that utilizes a stereo camera, an embedded
system, and an accurate positioning algorithm to achieve satisfactory results
in specific scenarios. The performance metrics of this system are satisfying,
particularly in high-featured small areas where the accuracy reaches 96.27%.
In large high-featured areas, which naturally pose more challenges due to
their scale and the increased potential for environmental interference, the

system achieves 90.44% accuracy.

The objective was to develop a first-generation positioning device that would
make use of a combination of multiple sensors. This device was intended to
provide accurate positioning information in both indoor and outdoor envi-
ronments. To accomplish this goal, a stereo camera was utilized as a primary
sensor, and in parallel, the use of an Inertial Measurement Unit (IMU) was
explored. The approach was based on the ORB-SLAM3 [1] algorithm for its
high degree of accuracy and the support from the community. It is important
to note that the accuracy levels reported by the authors of the ORB-SLAM3
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algorithm are dependent on specific circumstances and datasets. These con-
ditions may not hold true for different environments. Nevertheless, the po-
tential of this algorithm was explored through its implementation on an em-
bedded system and extensive testing in a variety of indoor and outdoor envi-
ronments. The results of the testing were varied with accuracy levels varying
on a case-by-case basis. These variations were largely due to differences in
feature availability and distance in relation to the reference measurements.
However, the proposed positioning device produced a level of accuracy that
was promising for specific scenarios while, at the same time, leaving room

for improvement.

1.2 Contributions of This Thesis

This thesis will discuss the design, implementation, and evaluation of the
proposed positioning device. It will also provide recommendations for fu-
ture improvements that can be made in order to further enhance the accuracy
and reliability of the device. More specifically, the contributions of this thesis

are:

* The development of a first-generation real-time system that is low-cost

compared to the alternatives.

* The developed system performs accurate positioning and provides lo-

cal coordinates.

* Performance evaluation of this system with promising results in small

areas and satisfactory results in large areas.

1.3 Thesis Outline

The composition of the thesis is as follows:

* Chapter 2 - Related Work: Surveying tools and indoor positioning sys-

tems.

¢ Chapter 3 - System Level Architecture: Hardware components, soft-

ware tools, and algorithms.

e Chapter 4 - Design And Implementation Software: Software compo-

nents, graphical user interface.
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¢ Chapter5 - Design And Implementation Hardware: Raspberry Pi setup,

component calibration, system structure through ROS.

¢ Chapter 6 - System Integration, Verification, And Performance Eval-
uation: System integration, IMU integration issue description, output

rate improvement, performance evaluation through experiments.

¢ Chapter 7 - Conclusions And Future Work






Chapter 2

Related Work

An overview of the importance of topographic surveying and its applica-
tions in various industries such as construction, restoration, and mapping in
discussed. Additionally, the historical background of surveying methods, in-
cluding older techniques and ancient surveying instruments are presented.
Modern surveying devices and methods such as the GNSS receiver, Total
Geodetic Station, and 3D laser scanner are also presented, highlighting their
principles of operation and accuracy. Furthermore, the limitations of these
methods, particularly their suitability for indoor environments, and the spe-

cialized skills and costs associated with utilizing these tools are discussed.

2.1 Topographic Surveying Methods

A scaled representation of a location, building, field, or area of interest, is
called a topographic survey. Topographic surveys find usage in building
construction, monument restoration, mapping, and other applications. The
depiction produced by the survey must be as true as possible, resulting in the
need for accurate methods and tools. Current and old topographic surveying
methods will be described in this chapter as well as which one of them can

be used for indoor environments.

2.1.1 Older Topographic Surveying Devices and Methods

One of the oldest ways of surveying was a predecessor of the measuring
tape, although before the standardization of the measuring units it didn’t
exist in the form we now know. The simplest form was a rope with knots
in predefined distances. Using this tool was the simplest way of imprinting

distances in scale. However, corners had to be represented too. To achieve
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this, instruments like the dioptra [2], groma [3], and inclinometers [4] were

utilized. They were the predecessors of the tools surveyors use today.

3

\] | | |
y S S, s'

(A) Dioptra.1

(C) Inclinometer.

(B) Groma.?

FIGURE 2.1: Older survey tools.

2.1.2 Modern Topographic Surveying Devices and Methods

In modern days, the need for more accurate depictions and the evolution of
technology led to the discovery of the tools and methods used now. Some of
the tools are the Total Geodetic Station, the 3-dimensional (3D) laser scanner,
and the GNSS receiver. All these tools use the basic principle of acquiring

points in the 3D space and connecting them with straight lines.

GNSS Receiver

The development of technology has led to the deployment of more and more
satellites used for positioning. A tool that utilizes these satellites is the GNSS
receiver. It receives signals from the satellites and calculates its position. A
more accurate application is Real-time kinematic positioning (RTK), in which
corrections are sent to the receiver for a specific area. It can achieve an accu-
racy of 1 to 3 cm. However, GNSS works only in environments where there
is visual contact between the receiver and several satellites. The minimum
number of satellites required for basic positioning is four, and as this num-
ber increases, the accuracy increases until it reaches 1 to 3 cm, as mentioned
before. This portable and easy-to-use device is commonly used in surveying
applications. However, it can only be used outdoors and is unsuitable for

internal spaces.

1Source: https:/ /en.wikipedia.org/wiki/Dioptra
2Source: https:/ /en.wikipedia.org/wiki/Groma_(surveying)
3Source: https:/ /en.wikipedia.org/wiki/Inclinometer
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Total Geodetic Station

The total geodetic station is a device that utilizes an extremely accurate dis-
tance meter along with a high-precision angle measuring system. The system
is based on the theodolite, which was first documented in 1571 [5]. Theodo-
lite is a remarkably accurate angle and slope-measuring device. However,
the total station is even more accurate, especially at longer distances, as it
uses electronics to extract the information, minimizing human error. The
total station is mounted on a tripod and must be leveled before use. The lev-
eling procedure takes a few minutes and has to be repeated every time the
total station is moved. It is very important and it is also time-consuming.
The weight of the total station and its case is around 9 kg, whilst the tripod’s
weight varies from 4 kg to 10 kg, making transportation difficult, especially
over uneven terrain, as seen in Figure 2.2. The total station can be used in
combination with a prism, that is placed on top of a pole or another tripod.
This prism is used to help acquire points that are not in the optical path, or
as an easier way to acquire points, by setting the length of the pole in the
calculations that the total station performs. However, using a prism requires
the involvement of two people, one to operate the total station and the other
to handle the prism. The total station provides the user with local (x,y,z) co-
ordinates, which can later be referenced using a GNSS receiver. It is worth
mentioning that this tool is primarily intended for outdoor use, although it
can be used in large indoor areas. It is challenging, if not impossible, to use in
narrow and confined spaces due to its size. The indoor alternative to the total
station is measuring using a laser distance meter or a measuring tape. The

usage of total stations requires specialization and the cost typically ranges
between 2000€ and 12000€.
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FIGURE 2.2: Surveyor carrying a Total Geodetic Station on un-
even terrain during a monument restoration project.

3D Laser Scanner

An alternative to the traditional total station in surveying is the 3D laser scan-
ner, which utilizes a system of cameras and a LIght Detection And Ranging
(LIDAR) sensor to create a 3D model of the scanned area. The accuracy of the
resulting 3D model is determined by the precision of the LIDAR sensor. In
most 3D laser scanners, the points” density can be configured to save time in
scanning and complexity in post-processing calculations. The density trans-
lates to how many points exist on a surface, which in turn means that the
more points there are, the more accurate the model is. However, when there
is a high number of points, the computational need is also higher. The user
interface is usually an application from a tablet or smartphone. The process
of creating the model is the following. Firstly the device is set on a tripod,
which is set to be leveled. Secondly, the scanning can be started from the
application, and a 3D model is created. These two steps are repeated until
the whole desired area is covered. Between two consecutive stops, the mod-
els must have enough mutual points to connect. The final process is done
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on a computer where the complete model is created by merging the indi-
vidual models. In comparison to the total station, the 3D laser scanner is
more accurate as it provides more points given that taking one measurement
with the total station corresponds to one point. All that is needed for some-
one to be able to use it, is some basic training and familiarization with the
application. The cost ranges from 5000€ to 90000€. In more known brands
like Leica[6], the cost covers a spectrum between 18000€ and 90000€, making
them extremely costly.

FIGURE 2.3: 3D Laser Scanner in a decommissioned school due
to earthquake damage.

2.1.3 Surveying in GNSS-Denied Environments

It is important to categorize environments into four groups regarding their
suitability for GNSS operation and size: large and small areas where GNSS
can function accurately, large and small GNSS-denied environments. The
tirst two categories include outdoor zones with an unobstructed view be-
tween the receiver and the satellites. GNSS-denied areas are places where
the GNSS receiver cannot function due to the weak or absence of satellite
signals. These areas can be either indoors or outdoors, such as rooms, corri-
dors, gorges, areas under trees, and near high buildings. The GNSS receiver
can be used in the first and second categories. It is preferred because of its
ease of use. The total station is ideal for usage in the first, second, and third
categories, and it is limited by its size for the fourth category. As far as the
3D laser scanner is concerned, it can be used in all the categories depending
on the sensor, for example, BLK2GO[7] and BLK360[8] have a range of 25 m
and 60 m respectively.
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2.2 Indoor Positioning Systems

More specifically, in indoor positioning and navigation, several technologies

and methods can be used which are discussed below.

2.2.1 Indoor Positioning Methods

The most common categories of methods are geometrical-based positioning,

fingerprint-based positioning, and dead-reckoning.

Geometrical-Based Positioning

In the category of geometrical belongs the multi-lateration [9] process on
which GNSS is based. This process attempts to compute the position of a
device by finding the intersection of circles, or spheres in the 3D space, given
the radius. Each sphere and radius corresponds to a base, with a known lo-
cation, and the distance between the base and the device respectively, as seen
in Figure 2.4. In order to accurately compute the position, it is imperative to
have three or more bases. It is worth noting that the accuracy of the posi-
tion increases proportionally with an increase in the number of bases used
for computation. Also, the error of the distance between each base and the
device affects the accuracy of the position. Higher distance error results in

less accurate positioning.
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FIGURE 2.4: Example of lateration method. In this figure, there

are a positioning device (PD), three bases (B1, B2, B3), and three

distances between the PD and each base (d1, d2, d3). The inter-
section of the three circles is the location of the device.

Fingerprint-Based Positioning

Fingerprint-based positioning[10] has been considered as a technique that
utilizes the distinctive features of certain parameters at specific points in 3D
space. This technique consists of three phases, the first and the third are the
offline and online phases respectively. During the offline phase, the system
captures and associates the values of various parameters at different posi-
tions with the corresponding coordinates at those positions. This is done for
each access point. Subsequently, the values obtained from all access points
are combined for each position to create a map. During the online phase,
the system receives a parameter value and matches it with a previously mea-
sured one, enabling it to estimate the location of the device. Additionally, the
fingerprinting technique uses traditional machine learning and deep learn-

ing approaches to achieve better results [11].

Dead-Reckoning Positioning

Dead-reckoning is a method used in robotics, aviation, marine, and terres-

trial navigation, among other fields to determine the position of a device by
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calculating its movement from a known starting point. For the method to
work, it is necessary to know the distance covered and the direction to esti-
mate the current position. Despite its reliance on a straightforward principle,
there are a few drawbacks associated with it. The most common one is the
error accumulation. If an error occurs at early steps, this is propagated along
the course and affects the estimation of the current position.

2.2.2 Parameters of Positioning Methods

It is important to understand the commonly used parameters before dis-
cussing technologies. These parameters include received signal strength (RSS),
received signal strength indication (RSSI), round-trip time (RTT), time of ar-
rival (ToA), time difference of arrival (TDoA), angle of arrival (AoA), and
channel state information (CSI). RSS is a measurement of the signal strength
that arrives at the receiver and is usually measured in dB or dBm. Mean-
while, RSSI is an indicator of RSS. RTT is a distance calculation method that
relies on the time taken by a signal to travel from a device to an antenna and
back. Two of the parameters belong to the time-of-flight (ToF) methods[10],
namely ToA and TDoA. ToF methods exploit the time a wave takes to prop-
agate and calculate distance. In the ToA method, the antenna sends a signal
with a timestamp, and the receiver calculates the time difference between the
received signal and the actual time. This difference is then multiplied by the
speed of light, and the result is the distance. TDoA requires two perfectly
synchronized stations because their time differences are used to extract the
distance, as described in [10]. The AoA method utilizes directional antennas
and calculates the angle according to the direction of the signal. The CSI [11]
refers to the channel properties of a communication link. Other parameters
can be extracted from it, such as AoA, ToA, or a combination of them. All of
the aforementioned parameters can be used in geometrical-based as well as

tingerprint-based positioning.

2.2.3 Radio Frequency Signals

The utilization of Radio Frequency (RF) signals for localization [12] has been
commonly used. Signals such as Wi-Fi, Fifth Generation Mobile Networks
(5G) [13], Bluetooth [14], and Ultra-Wideband (UWB) [15] are being exploited
for both geometrical-based and fingerprinting-based positioning. These meth-
ods have proven to be effective in providing accurate and reliable location

information.
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More specifically, regarding the geometrical-based methods, the parameters
that are used for each RF signal are shown in 2.1. Bluetooth can be remark-
ably power efficient, although the range can be smaller than other RF signals.

Signal Parameters
Wi-Fi  [RSS, RSSI, ToA, TDoA, AoA, CSI
5G RTT, TDoA, AoA
Bluetooth RSSI, TDoA, AocA
UWB RSS, ToA, TDoA, AoA

TABLE 2.1: Parameters used for each technology.

Wi-Fi Fine Timing Measurement

A unique, among the RF geometrical-based methods, is Wi-Fi fine timing
measurement (FTM) protocol. It was standardized by IEEE 802.11 [16] and
it provides meter-level accuracy. FITM utilizes RTT as a ranging mechanism,
which in line-of-sight (LOS) conditions is less affected by errors in compar-
ison to RSSI. However, in non-line-of-sight (NLOS) conditions the accuracy
is reduced and affected considerably by the environment. Another disad-
vantage is that FTM requires specific hardware. Currently, only a few smart-
phone models and Internet of Things (IoT) devices support FTM [12].

2.2.4 Acoustic Signals

Acoustic signals can provide an alternative positioning technology. This
technology takes advantage of acoustic signals, commonly at the frequency
band of 18-21 kHz, and it can utilize parameters such as RSS, ToA, and TDoA.
The equipment that can be used is everyday speakers and microphones and

can result in centimeter-level accuracy [17].

2.2.5 Pseudo-Satellite Positioning

Pseudo-satellite positioning technology uses ground-based pseudo-satellites
to transmit signals for distance positioning, similar to those of a GNSS sys-
tem. This makes pseudo-satellite technology a suitable candidate for smart
cities [18]. The technology can be used for indoor positioning although it has
some challenges, such as clock synchronization, multipath effects, and near-
far interference. However, there is no need for different equipment than the
one used for GNSS positioning. As in GNSS, pseudo-satellite positioning is
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geometrical-based and is based on timing to provide localization. Various
approaches and algorithms have been employed to achieve high-precision
positioning in both static and dynamic scenarios [12].

2.2.6 Visible Light Communication Positioning

An extremely accurate technology is Visible Light Communication (VLC)
positioning [19]. VLC initially used traditional methods such as k-nearest
neighbor (KNN). However, because computational demands are high, nowa-
days VLC mainly takes advantage of machine learning (ML) algorithms. In
order for these algorithms to be trained and tested, a dataset is required, and
it can be created by utilizing RSS fingerprinting-based positioning. It is im-
portant to note that this technique achieves an accuracy of 0.8 cm [20].

2.2.7 Magnetic Field Positioning

The exploitation of the earth’s magnetic field has led to the creation of mag-
netic field positioning [12]. The method used is fingerprinting-based, and the
accuracy provided can be of meter level. Appart from the earth’s magnetic
field, artificial magnetic fields can be used by taking advantage of coils or
magnets. According to [21], artificial magnetic fields can provide accuracy of

up to millimeters in the range of meters.

2.2.8 Inertial Navigation

Through the use of an inertial measurement unit (IMU), a device’s acceler-
ation and orientation can be extracted, which can be highly beneficial for
dead-reckoning positioning [12], as mentioned in 2.2.1, as it allows for dis-
tance and direction calculations. This technology, known as inertial naviga-
tion, has demonstrated significant utility. However, it is important to recog-
nize that IMUs are inertial sensors that generate both random and constant
errors, which will be explored further in 5.2. The primary obstacle is ac-
curately forecasting and mitigating these errors, as they can have a critical

impact on the dead-reckoning method.
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2.2.9 Visual Odometry

The field of visual odometry (VO) relies on camera sensors to determine the
location of a device, utilizing algorithms that address the simultaneous local-
ization and mapping (SLAM) problem [12]. Through this method, VO esti-
mates the position by cumulatively calculating the current location based on
the prior one. However, like other dead-reckoning techniques, it suffers from
the same limitations. VO finds applications mainly in the fields of robotics,

ML, and autonomous driving among others.

2.3 Chapter Summary

It is important to note that for localization to occur, all RF methods, in addi-
tion to acoustic signals, pseudo-satellite, and VLC necessitate the existence
of at least one base station installed. More specifically, Wi-Fi requires ac-
cess points (APs), 5G relies on telecommunication antennas, acoustic sig-
nals take advantage of speakers, pseudo-satellites require ground stations,
and VLC makes use of light sources such as light-emitting diodes (LEDs).
The fact that they require base stations, makes these technologies unsuit-
able. Magnetic field positioning is not selected also for the reason that it
requires mapping before trying to estimate the position, as it works using
a fingerprinting-based method. In this thesis, it is essential that the system
works in unknown environments. This results in excluding the technologies
using the fingerprint-based methods, as well as the technologies requiring

base stations. For this reason, VO has been chosen as positioning technology.
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In this chapter, the hardware devices and components as well as the algo-

rithms and the software tools used, are presented and discussed.

3.1 Hardware Components

Before diving into the details of the system, a general overview would be

helpful for understanding. The basic components of the system are a stereo

camera and an embedded system, used for processing. For the user to con-

trol this system, a smartphone can be connected. The connection between

the embedded and the stereo camera is achieved via USB, while the con-

nection between the embedded and the smartphone is via WiFi as shown in

Figure 3.1.

‘Stereo Depth Module ‘

‘ Processing Module ‘

Stereo Depth Camera RealSense D435

USB 3.0 port

Raspberry Pi 4

Smartphone

WiFi

UsB 3.0 port —...—

WiFi

CPU

FIGURE 3.1: General block diagram of the final system.
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It is important to note that the characteristics of two IMUs are discussed
although they were not included in the final system. However, they were
tested and the results are discussed in a later chapter.

3.1.1 Inertial Measurement Unit

An IMU is a sensor that provides data about its inertial status, which includes
a variety of parameters such as accelerations, and angular velocities. The ac-
celerometers measure the linear acceleration of the device, while the gyro-
scopes measure the angular rate and provide information on the rotation of
the device. In addition, some IMUs also contain magnetometers which mea-
sure the strength and direction of the magnetic field to provide information
about the device’s orientation. The IMU is a key component in many ap-
plications such as navigation, aviation, control, robotics, and virtual reality,

among others.

Pixhawk Cube Black Flight Controller

Pixhawk[22] is a flight controller that contains several sensors, including
IMU, magnetometer, and barometer. In this thesis, the IMU is used to its
full potential, with its data being accessed via a micro USB port. The data
can be transmitted at a frequency of up to 330Hz. It is also worth mentioning
that there is an abundance of input and output pins, some of which are USB,
serial, SPI, I2C, CAN, CPPM, S. Bus, RSSI, DSM, and PWM among others.
All the data from the aforementioned pins is being transferred from and to
the FMU processor. Some of them are transferred through the I/O processor,
as shown in Figure 3.2. In this thesis, the micro-USB is used, with its data
being transferred directly to and from the FMU.
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[ Flight Confroller Pixhawk ~

| Cube Black |
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! |
| IMU, GYRO, |
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| and other sensors |
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SPI_Ext | | _micro USB
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! |
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RSSI In | |
DSM In | |

FIGURE 3.2: Pixhawk Cube black.

Intel® RealSense™ Depth Camera T265

Realsense T265[23] is a stereo camera that is equipped with an integrated
IMU. The device features two cameras equipped with fisheye lenses, along
with the IMU, as shown in Figure 3.3. ORB-SLAMS3 crops the edges of the
images taken by a large field of view (FoV) camera, as a measure of undis-
tortion of the image. This cropping leads to the loss of valuable information
and that is the reason this device is used only for its IMU. The accelerometer
provides a frequency of 62.5Hz while the gyroscope provides 200Hz. The
connection of this camera with the rest of the system was achieved with the
use of the USB port.
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FIGURE 3.3: RealSense T265 stereo camera.

3.1.2 Visual System
Intel® RealSense™ Depth Camera D435

Realsense D435 [24] is a depth sensor that utilizes a stereo camera. The main
components of this device are an IR projector, two cameras with no infrared
(IR) filter, an RGB camera, and the Visual Processor D4 which is responsi-
ble for the controlling and management. It uses the projector to display dots
which helps in feature detection, especially on plain surfaces, and then it
calculates the depth based on the distance between these dots and the differ-
ence between the two images. In this thesis, it is used for its stereo camera
attributes as well as for the depth stream. As far as the Vision Processor is
concerned, it processes all the necessary data, including depth estimation,
and transfers it via the USB port. The minimum supported distance varies
for each resolution, in 848x480 is 195 mm, and the maximum distance can be
more than 10 m, depending on the conditions. The supported resolution can
be seen in table 3.1.
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. Frame
Format Resolution Rate (fps) Type of stream and lens
Y8 (8 bits) 1280x720 6,15, 30 Left and Right Imager
848x480,
640x480, 6 15 30
Y8 (8 bits) 640x360, 66 90 " 777 | Left and Right Imager
480x270, ’
424x240
. 1920x1080, Color Stream from RGB cam-
YUV2 (16 bits) 1280x720 6,15, 30 ora
848x480,
) 640x480, Color Stream from RGB cam-
YUV2 (16 bits) 640x360, 6,15, 30, 60 ora
424x240
) 320x240, Color Stream from RGB cam-
YUV2 (16 bits) 320x180 6, 30, 60 ora
Z (16 bits) 1280x720 6,15, 30 Depth
848x480,
640x480,
Z (16 bits) 640360, | % 913 30| Depth
480x270, ’
424x240

TABLE 3.1: Supported resolutions and frame rates of RealSense

D435. [24]
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FIGURE 3.4: RealSense D435 stereo camera.

3.1.3 Development Platforms

The implementation was performed in two distinct phases. The first phase
involved the initial development and testing of the ORB-SLAM3 algorithm,
which was performed on a laptop, whose characteristics will be analyzed
later. The second phase focused on integrating the tested algorithm into an
embedded system, more specifically, the Raspberry Pi 4th generation (RPi4).

Their hardware specifications are discussed below.

Intel® Core™ i7-9750H Processor

The experimentation was initially performed on a Dell Inspiron 15 7590 lap-
top[25] before being transferred to the RPi4. The laptop is equipped with a
six-core, twelve-thread Intel® Core™ i7-9750H processor, 16 GB of RAM, and
a 256 GB SSD. The aforementioned specifications indicate a quite powerful
processor. The connection between the devices has been achieved using USB
3.0 and USB 2.0 interfaces, in detail the RealSense D435 and T265 require a
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USB 3.0 connection, and the Pixhawk a USB 2.0. It is worth noting that this
laptop is more powerful than the RPi4, however, it is also more expensive

and significantly more power-consuming.

Raspberry Pi 4

The RPi4[26] is a low-cost and compact computer that has gained popularity
in various fields, such as robotics and automation. One of its main advan-
tages is that input and output ports are abundant, which makes it ideal for
developing prototypes. However, only the USB ports were needed and used
in this thesis. The block diagram in Figure 3.6 shows the RPi4’s specifica-
tions[27]. The main module contains the processor and Video Processor 6
(VP6). The processor consists of a 4-core ARM Cortex-A72 64-bit System-on-
Chip (SoC) that operates at 1.8GHz. However, the operating frequency was
set at 2.2 GHz in order to utilize its full processing capacity. It is worth noting
that overclocking a device can lead to a higher temperature, which was man-
aged by installing a suitable heat sink and fan, as shown in Figure 3.5. The
RPi4 version used in this thesis utilizes 8 GB of LPDDR4 SDRAM that oper-
ates at 3200MHz. As far as connectivity is concerned, there is the Raspberry
Pi standard 40-pin GPIO header, two micro HDMI ports, a MIPI CSI cam-
era port, a MIPI DSI display port, an audio jack, and the ones used the most
are the Bluetooth and Wi-Fi module as well as the USB ports. The variety of
all the connectivity makes this platform perfect for testing and prototyping.
Specifically, two USB 2.0 and two USB 3.0 ports were used for this thesis. The
data passes through the USB ports to the USB controller, which is connected
to the CPU via PCle, as shown in Figure 3.6.

FIGURE 3.5: Raspberry Pi 4 with a heat sink and fan.
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FIGURE 3.6: Raspberry Pi 4.

3.1.4 Final Setup

Here we can see how the devices are connected and the block diagram of the

system as shown in Figure 3.7. In this block diagram, the unused compo-

nents have been disregarded and only the used components are shown, from

which the stereo camera is connected to the Raspberry Pi via USB and the

smartphone via WiFi.
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FIGURE 3.7: System block diagram.
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3.2 Software Tools

3.2.1 OpenCV Library

The fields of robotics and computer science heavily rely on computer vision
and machine learning. OpenCV is a powerful library that offers a wide range
of tools for these areas, with support for C++ and Python programming lan-
guages. This thesis utilizes OpenCV through the use of the ORB-SLAM3
algorithm, which will be analyzed later.

3.2.2 ROS Framework

The Robotic Operating System (ROS)[28] is an open-source software frame-
work that provides a set of libraries and tools essential for the effective man-
agement and communication of devices and sensors. It is particularly useful
in developing autonomous systems that utilize one or more sensors. Com-
munication between devices and sensors is accomplished through nodes,
each of which can act as a publisher, a subscriber, or both. Publishers are
responsible for sending data, while subscribers are nodes waiting to receive
data. More specifically, nodes that acquire data from sensors are generally
publishers, while nodes that manage sensors can be both publishers and sub-
scribers. Messages are constructed using a standardized format. This can
help to avoid every company having its own format of messages, leading
to compatibility issues between devices. Messages are sent with an iden-
tifier that is unique for every type of message, called a topic. Each node
can receive or send none, one, or many topics. The process of receiving
data is referred to as listening to topics, while the process of sending data
is called publishing on topics. Nodes can be written in either C or Python.
-written nodes are compiled and executed using the rosrun command, while
Python files are also executed using the same command. To better under-
stand ROS, an example node is shown in Figure 3.8. In this example, the
node sensor_n collects data from the sensor and publishes it using the topic
/sensor/data. The data_processing_n node subscribes to the /sensor/data topic
and publishes the /processed/data topic, which the data_display_n node sub-
scribes to. In this example, sensor_n is a publisher, data_display_n is a sub-
scriber, and data_processing_n is both a publisher and a subscriber. This is
a representation of a simple system, larger systems can have more complex

structures.
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sensor_n }!sensorldata»[ datq_ /processed/data data_display n
- processing_n - -

FIGURE 3.8: Example of ROS node usage.

It is worth noting that when a topic is published, it becomes visible to every
node in the same system. To enable this communication, it is required for the
roscore to be running. Roscore is a collection of nodes and programs that are
responsible for initializing and maintaining communication. ROS provides
packages that include the necessary nodes for a specific sensor installation.
In this thesis, the following tools and commands have been utilized, rosbag,
catkin, rosbash, roslaunch, and rosservice. Catkin is the build system of ROS.
By running catkin_make all the programs defined by the CMakeFile.txt are
being built. This command ensures that the programs, including the proper
libraries, will be compiled. Rosbag is a command used to record a session of
messages of topics in a file that has the .bag extension. The recorded file can
be replayed, and the messages of the recorded topics are republished. It is an
extremely useful tool since it allows the user to repeat an experiment without
physically conducting it. Rosbash serves the same functionality as the .bashrc
tile in Ubuntu. It consists of a set of instructions that are executed each time a
user logs in, which is crucial for initializing the system. Rosrun is a command
used to execute programs and consequently, run nodes. By using rosrun, it is
ensured that it will run in the ROS environment, although it requires roscore
to already be running. Roslaunch is a command used to execute .launch files.
These are files in the xml form used explicitly in ROS to organize and group
other launch files or nodes. Additionally, they allow parsing arguments and
parameters. These files do not require roscore to run, because they start a
roscore if it is not running already. Lastly, a rosservice requires the existence
of a server and a client to be performed. The server, which is contained in
a node, waits for requests, or calls as named in ROS, while the client makes
these calls. A rosservice can be called by a launch file, another node, or the
user. It is often used for setting parameters while the node is running or by

enabling or disabling streams.
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Libraries Used

Another essential package for ROS is the transform (TF) library[29], which is
provided by the package tf2_ros. This library is particularly useful for track-
ing the positions of components and establishing connections between them.
In addition, the CvBridge package is a valuable package since it helps with
the conversion between the ROS Image messages and OpenCV images. This
conversion is necessary to enable the use of OpenCV’s powerful tools for im-
age processing. Another essential tool in the ROS ecosystem is rviz, which
provides a 3D representation and orientation of devices or their components.
It can be connected with the TF library to display the transformations and
their connections. Together, these tools form a powerful suite of capabilities

for building complex robotic systems using ROS.

3.3 Depth Estimation and SLAM

In this section, the depth estimation process and the algorithm for SLAM are
described.

3.3.1 Depth Estimation

Depth estimation is a crucial task in computer vision and can be achieved
using various sensors. An ultrasonic sensor is considered to be one of the
cheapest options but has a limited detection range and low resolution. On the
other hand, the LIDAR and the stereo camera are two sensors that provide a
higher detection range and are more accurate. From them, a point cloud can
be produced. In this thesis, the focus will be on the stereo camera for depth
estimation. To obtain depth information, a stereo camera captures one photo
from each camera. Feature detection and extraction are then performed on
each image. During this process, specific features such as corners, edges,
lines, or blobs are extracted depending on the algorithm used. The obtained
features are then matched between the two photos and the depth information
is estimated.

Feature Extraction and Matching

Various feature extraction methods have been developed for image process-
ing, including Scale-Invariant Feature Transform (SIFT)[30] and Speeded-Up
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Robust Features (SURF)[31]. SIFT is a scale-invariant algorithm that is capa-
ble of extracting features from an image, such as corners, for example, even
if we zoom in on the image so much that the corner becomes a curve. While
SURF was created as a faster solution to SIFT. FAST Algorithm for Corner
Detection[32] fulfills the need of real-time applications, as it is faster than
the previous. SIFT uses a lot of memory and can be time-consuming for
matching features. This memory and time consumption is reduced by Bi-
nary Robust Independent Elementary Features (BRIEF)[33] and with a more
increased recognition rate. Another notable method is the combination of
FAST and BRIEF, known as Oriented FAST and Rotated BRIEF (ORB)[34],
which was designed as a cost-effective alternative to SIFT and SURF, which
are patented and not free to use. ORB is used by the ORB-SLAM3 algorithm,
which is utilized for this thesis implementation. It is important to note that
feature detection algorithms are unable to detect any features in a plain im-
age as there are none to detect.

Disparity Map

Feature detection and extraction are applied in-depth estimation for the pur-
pose of having unique areas of pixels in the image. This is helpful because
the same features have to be found in both left and right images of the stereo
camera. Then, the positions of these features in the left and right pictures
are compared, and the horizontal difference in pixels is calculated. Since the
cameras are already vertically aligned, there is no need to calculate the ver-
tical difference, resulting in this difference being zero. The distance of each
feature from the sensor is determined based on the number of pixels they are
separated by, where a greater difference corresponds to a shorter distance.
The disparity map is a new image in which each pixel represents the inten-
sity of the difference in pixels mentioned before. With the use of the dispar-
ity map, and some of the characteristics of the camera, the distance from the
camera is calculated. As shown in Figure 3.9, the Field of View (FoV) and
the distance between the two sensors (Baseline) of the stereo camera, play a
crucial role in the calculations.
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Easeline

Fov

FIGURE 3.9: Distance of objects and baseline.

3.3.2 SLAM

The utilization of algorithms for SLAM [35] in robotics and computer vi-
sion is essential. This is happening because of the necessity of localization in
GNSS-denied environments. An algorithm for SLAM generates a map of the

environment and accurately determines the location of the device within the
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generated map. Mapping can be carried out using sensors like ultrasonic, LI-
DAR, cameras, or any other ranging sensor, even combinations of them[36].
LIDAR provides the most accurate data while being the most expensive of
them. In this thesis, a camera is chosen for its higher precision compared to
an ultrasonic sensor and its lower cost compared to a LIDAR. Furthermore,
unlike LIDAR, which is an active sensor that emits rays to calculate distance,
a camera, being a passive sensor, does not require such capability. As the
price of a LIDAR sensor is relatively high, passive sensors, particularly cam-
eras, are more cost-effective to implement in algorithms for SLAM. Some of
these algorithms utilize visual sensors as input to generate a map of the en-
vironment, these are called Visual-SLAM (V-SLAM). Correspondingly, when
additional sensors such as IMUs are added, they are called Visual Inertial-
SLAM (VI-SLAM). VI-SLAM algorithms enable the merging of data from in-
ertial sensors with camera data.

3.3.3 ORB-SLAMS3

Among the various V-SLAM approaches, ORB-SLAM[37] is a feature-based
algorithm that utilizes feature detection and extraction methods integrated
from the OpenCV library. As the name suggests, ORB-SLAM, and ORB-
SLAMZ2[38] make use of ORB features. The latest version, ORB-SLAM3J[1],
also utilizes these features. ORB-SLAMS3 is a state-of-the-art VI-SLAM al-
gorithm that utilizes computer vision techniques to track the position and
orientation of a camera in real-time. ORB-SLAM3 provides various config-
urations which are categorized by the devices used. The Mono and Stereo
configurations utilize a single and a stereo camera respectively. The same two
configurations can be combined with an IMU resulting in the configurations
Mono-Inertial and Stereo-Inertial. Lastly, there is the Red Green Blue Depth
(RGBD) configuration which utilizes an RGB camera with a depth stream.
This algorithm was chosen for its accuracy as it can provide up to 9 millime-
ters accuracy, depending on the conditions[1]. Additionally, it is one of the
most trustworthy algorithms [39], among others such as VINS-Mono [40].

3.4 Discussion

Another configuration among the components could include an IMU device.
This was considered in the context of this thesis; however, due to it being a

tirst-generation system, it was not utilized for the reasons described in 6.2.
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Chapter 4

Design And Implementation

Software

4.1 Software Components

The fundamental software components contained in the system include the
operating system and the ROS, which oversees the majority of them. The
operating system is responsible for managing the network, WiFi connec-
tion, and consequently the Graphical User Interface (GUI) server. Mean-
while, ROS is tasked with handling communication with the stereo camera,
integrating the ORB-SLAM3 algorithm, connecting the GUI with the operat-
ing system, establishing links with custom-created nodes and other utilized
packages, and managing overall internal communication, as shown in Fig-
ure 4.1.

OS
ROS

[ ORB-SLAM3 J [ RealSense }

[ GHERGS J [Transform package}

connection

{ Custom nodes }

’—1

' B
GUI server H Network
A S

FIGURE 4.1: Software components.
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4.1.1 Understanding of Depth Estimation

Before addressing the details of the system, and in order to gain a better un-
derstanding of depth estimation and feature detection and extraction, several
experiments were conducted using functions from MATLAB. A representa-
tion of the depth estimation procedure follows. An image was taken from
each sensor of the RealSense D435 stereo camera. These images are shown in

Figure 4.2.

(A) Left image, before disparity map. (B) Right image, before disparity map.

FIGURE 4.2: Left and right images used for disparity map.

Then, feature extraction was performed, followed by feature matching. Fea-
ture matching is the procedure where the features from the left image are
compared with the ones from the right image and their horizontal difference
is calculated as shown in Figure 4.3.

FIGURE 4.3: Difference in features.
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After that, the value of these differences is calculated and the disparity map

is created as shown in Figure 4.4.

FIGURE 4.4: Disparity map.

To smooth the image, a filter based on Weighted Least Squares has been ap-
plied to the disparity map as shown in Figure 4.5. The nearest objects are
depicted with red color and the farthest with blue.

FIGURE 4.5: Filtered disparity map.

4.1.2 Graphical User Interface

In addition to the previous implementations, a basic GUI has been developed
to support the system’s functionality. The GUI is designed to assist user in-

teraction with the system and display the captured points.
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Computer GUI Implementation

It was initially created on a laptop before being redeveloped for the RPi4. It
has been implemented using the wxPython library[41] and has been written
in Python. The GUI interface has a list that displays the captured points, as
shown in Figure 4.6. Below the list, users can select the type of point. This
function enables users to switch between different point types while passing
through a specific area only once. The GUI is equipped with several buttons
with different functionalities, such as adding a new point, deleting the last
entry, creating a new log file, and closing the program. The Acquire Point,
Delete Last Entry, and Close buttons functions are self-explanatory. The New
Log File provides the user with the ability to create a separate file, allowing

them to organize the files as required.

Point List

Time (secs) translation.x translation.y

Point type
* point
perimeter
corner

Acquire
Delete last
New log file

Close

FIGURE 4.6: Graphical User Interface using wxPython.

Raspberry Pi GUI Implementation

The second version was developed in the form of a website. This form was
chosen as it is more convenient to operate from a wide range of devices, in-
cluding smartphones and laptops, without requiring any installation. The
smartphone is connected remotely via WiFi with the RPi4, which operates
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as a server. An HTML page has been created, with the system functionali-
ties written in JavaScript (JS). These functionalities contain point capturing,
deletion of the last captured point, deletion of all the captured points, and
downloading a file of the captured points in comma-separated values (CSV)
format. Another useful feature is the ability to rename the points. The user
can select a name from a drop-down menu, which can be customized based
on their requirements. his is useful because they might want to switch be-
tween perimeter points to corner points or any custom point. Another function-
ality that has been added to the previous version, is that the user can choose
the length of the pole by inserting the value in the proper field. However, it
is important to note that although a negative value can be assigned, it will be
converted to a positive value. This is done for the reason that a convention
had to be made. One option was to accept negative values of the length of the
pole, in case a user would like to use it upside down. This could be done to
capture points in a ceiling. Such a configuration could be achieved by plac-
ing the system between two poles. When the user wants to capture points on
the ground, they would set the length with a positive value, otherwise, they
would set it with a negative value. The other option was to ignore negative
values and keep the coordinates as it is. In the case the user wants to measure
points at the ceiling, all they have to do is turn it upside down. The second
one was chosen because of its simplicity. Lastly, there is a checkbox that en-
ables the algorithm to perform only localization. A snapshot of the interface
is shown in Figure 4.7.

Point-Capturing Interface

‘ Download CSV file

‘ Delete all H Delete last ‘El Localization

Paint ‘

| Set length || 15 |

Choose a point type: Name: |pnint |

Name | Time (secs) |x |v |z

FIGURE 4.7: Final Graphical User Interface.
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A more detailed description of the GUI implementation follows. A link be-
tween the JS program and the ROS needs to be established, and it is done
using a package called rosbridge_server. This package provides several ca-
pabilities such as creating topics, subscribing to topics and publishing, and
executing rosservice calls. For this particular implementation, the function-
alities of subscribing to a topic and calling a service were utilized. The JS
program creates a subscriber that listens to the topic that publishes the co-
ordinates of the end of the pole. Moreover, the functionalities of the buttons
have been implemented such that when the user clicks on the Point button,
the program subscribes to the topic, and the message of the topic is loaded
into a string variable. The user can select the point type from the drop-down
menu, which includes three predefined names point, perimeter, and corner, as
well as a custom one. If the user selects the custom option, they can enter a
custom name for the point in the text field labeled Name. When the checkbox
labeled "Localization" is checked, a rosservice call is executed, which causes
the algorithm to stop the mapping functionality and perform only localiza-
tion. This feature is important because when the algorithm performs only
localization the computational needs are reduced. However, it is important
to enable this option only after a loop closure has occurred and not before.
Furthermore, the user can set the length of the pole by entering the desired
value in the text field. When the user clicks on the Set Length button, a rosser-
vice is called, which sends the value to the nail_publisher node. If the user
clicks on the Delete last button, the latest point is deleted, and if they click on
the Delete all button, all the points are deleted. Finally, when the user clicks
on the Download CSV file button, a CSV file is created using the data from the
captured points, and the file is sent to the user’s device for download. This
feature is especially practical because the user can later send the data to a
computer. Notably, the GUI is accessible from any device that can connect to
the WiFi or Ethernet port of the RPi4, including laptops or smartphones.
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Chapter 5

Design And Implementation

Hardware

The crucial steps involved in setting up the Raspberry Pi 4, including the in-
stallation of the operating system, remote access configuration, overclocking,
and cooling are discussed. Additionally, the installation of ROS, RealSense
SDK integration, and the installation of ORB-SLAMS3 alongside its require-
ments are covered. This chapter provides a comprehensive overview of the
hardware design and implementation process. It is worth noting that the im-
plementation for the IMU, which is described here, was not included in the

tinal configuration.

5.1 Raspberry Pi 4 Setup

5.1.1 Raspberry Pi Configuration and Setup

For this implementation, an RPi4 is being utilized as the final development
platform. The previous tools have also been installed on the RPi4. However,
the initial setup of the RPi4 is a crucial process that requires careful attention
to prevent any potential errors. Following is an overview of the configuration

that was selected and the actions that were taken.

Operating System Setup

The RPi4 uses the micro Secure Digital (SD) memory card as its primary stor-
age device, where both the operating system (OS) and data are stored. To
load an OS in the SD card, it needs to be flashed using various parameters.
For this instance, Ubuntu Server 20.04 has been selected as the OS. The user
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interface is conducted through the terminal, which eliminates the need for

graphics, reducing the computational demands caused by a GUIL

Setup Remote Access

After flashing the SD card, an initial setup is required. Within this setup, a
static IP configuration has been implemented to enable remote connections,

making the development process more convenient.

Overclocking and Cooling

The RPi4 has been selected as the development platform due to its low power
consumption and small form factor while being capable of delivering rela-
tively high computational performance. However, overclocking the CPU and
GPU at frequencies of up to 2350 MHz and 800 MHz respectively. Because
2350 MHz is a very high frequency, it causes the CPU to overheat, resulting
in frequency drops and system freezing. Therefore, a more stable frequency
is recommended. A safety margin of 150 MHz is applied and the frequency is
set at 2200 MHz. It is important to note that overclocking requires a cooling
mechanism to keep the temperatures at an operational level. In this case, a
heat sink and a fan were used. If it were for a more effective cooling mech-
anism, such as water cooling, it would be possible for the frequency to be
higher. However, the downside of water cooling is its increased weight and

space requirements, which make it unsuitable for portable devices.

Installation of ROS

The installation of ROS has been carried out following the instructions avail-
able on its official website. Specifically, the ROS-Base version has been in-
stalled, which includes the essential components and packages of ROS. It
is noteworthy that two other versions, namely the Desktop Install and the
Desktop-Full Install, are available, but they contain GUI tools. The reason
for not selecting any of the GUI versions was because the OS does not sup-
port graphics, and to reduce the computational demand of the system. A
beneficial package is the web_video_server, which provides the capability to
send the video stream through the network, making it more comfortable for
testing. Another package that was installed is the rosbridge package, which is
responsible for the connectivity between the ROS and the JS program.
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Download and Installation of RealSense SDK

RealSense SDK is available for ROS integration, and it was successfully down-
loaded and installed. As part of the integration process, the Infrared (IR)
projector of the D435 was disabled by modifying some files of this tool. In
addition, by adjusting certain parameters within the tool’s files, several con-
figurations were made. Some of these configurations included setting the
cameras’ resolution and frame rate to [848x480] and 30Hz, respectively. The
goal was to maintain 30Hz and get the highest possible resolution for this
frame rate. After conducting several tests, it was determined that the reso-
lution mentioned was the optimal choice. It's worth noting that increasing
the resolution beyond this point would have required more computational
resources, resulting in frame drops. Regarding the T265, it was used for its
IMU. The SDK provides a launch file that posts a topic for the accelerometer
and a topic for the gyroscope, and they have a maximum rate of 62.5Hz and
200Hz respectively. Initially, a node was created to merge these two topics,
but after doing research, it was discovered that a parameter existed that used
linear interpolation to merge the data. The new topic has a rate of 200Hz
and contains values from both the accelerometer and the gyroscope. This in-
tegration of the RealSense cameras with ROS has allowed for effective data
collection and processing.

Installation of Requirements and ORB-SLAM3

Prior to installing ORB-SLAMS, it is essential to have several required pack-
ages installed. Initially, version 4.2 of the OpenCV toolset was downloaded
and built from source, followed by the Pangolin library. As far as OpenCV
is concerned, it had to be built from source due to the need of a specific ver-
sion and it was necessary to configure some of the files before performing
the build. After installing the prerequisites, ORB-SLAM3 was downloaded,
and some modifications to the installation files were made in order to be able
to be built. After the algorithm was built, ORB-SLAMS3 for ROS followed.
During the installation process, all CPU cores were utilized to reduce the
time needed for this already time-consuming process, with the exception of
when building the ORB-SLAM3 algorithm. In this case, the build required
more RAM than the RPi4 had available, leading to the cores waiting for data
that were not in the memory, making the whole system freeze. This could
be solved by utilizing three of the four available cores. By doing this, the
build was slower but did not result in freezing the OS. Another solution to
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this problem was to add some gigabytes of swap memory if possible. When
using swap memory, the OS uses the hard disk-like memory. Despite the sig-
nificantly slower speed of the hard disk than the RAM, not to mention the

SD card the system uses, it prevented the OS from freezing.

5.2 Component Calibration

In order to use the IMU device in the ORB-SLAM3 algorithm, it is crucial
to calculate certain parameters. The method for calculating these parame-
ters is described in [42, 43] and involves obtaining the necessary parameters
for both the IMU and the camera-IMU connection. This method outlines
the necessary steps to be followed to obtain these parameters. For this the-
sis, various bash script files were created that consist of a combination of
the previous two, alongside custom configurations, in order to automatize
the procedure. The first step in the process is to record a rosbag file. This
recording should be no less than three hours long, and the IMU must be
situated on a level surface. The recording should contain topics concerning
the IMU (accelerometer, gyroscope) only. The second step is to compute the
IMU parameters, using a tool called Kalibr [44] which is based on [45, 46, 47,
48]. These parameters include the accelerometer random walk, accelerom-
eter noise density, gyroscope random walk, and gyroscope noise density.
Random walk simulates thermo-mechanical noise error. It is referred to as
a walk because it involves a series of steps, and random because each step
is of a random size and direction. The noise density corresponds to the con-
stant bias error. This error is calculated as the average of the values of the
accelerometer or the gyroscope when there is no movement. These four pa-
rameters must be calculated in order to eliminate the corresponding errors.
The third step is to record a rosbag file by following the instructions of Al-
lan Variance ROS [49], which is based on [50, 51, 52]. The recorded rosbag
must contain topics relating to the IMU (accelerometer, gyroscope) and the
camera (left and right sensor). Additionally, specific movements must be
performed in front of a target with a predetermined number of markers from
the ArUco[53] library. The fourth and final step is to establish the connec-
tions between the poses of the left camera, the right camera, and the IMU
in 3D space. These connections describe the linkage between devices in the
form of extrinsic parameters, which need to be calculated. These parameters
describe the relations of poses in 3D space. The symbols W, B, C1, and C2
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are defined as frames of the World, Body, left camera, and right camera re-
spectively. The Body is matched with the IMU, and its relation to the World
is described as Typ. The objective of this step is to calculate the transforms
Tgc,, and T¢,c,, which ORB-SLAM3 requires, to use them in Stereo-Inertial
configuration. However, for the Stereo configuration of ORB-SLAMS3, only
the Tc,c, is necessary. ORB-SLAM3 matches the Body to the left camera in-
stead of the IMU. All of the previously computed parameters are passed to
the ORB-SLAMS algorithm in a ".yaml" file format.

5.3 ROS Implementation

5.3.1 Transform Library

In ORB-SLAMS3, the “map” is created according to the first frame of the cam-
era, resulting in a counterintuitive positioning system axes. This happens
because the RealSense D435 camera complies with the ROS convention for
the camera model[54] and places itself as shown in Figure 5.1. The colored
axes depict the x-axis with red, the y-axis with green, and the z-axis with
blue. However, the convention for a robot body in ROS is to have the for-
ward, left, and up movement as the x, y, and z axes respectively, as shown
in Figure 5.2. This leads to the need for modifying the camera’s transform

orientation.

FIGURE 5.1: Transform of RealSense D435 according to the pin-
hole convention of OpenCV in RViz
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map

FIGURE 5.2: Transform of map in RViz

The transform tree represents all the relationships between the transform
frames. In this thesis’s case, the transform tree is the following. The first
frame is the “map”, it is a world-fixed frame with the upward direction de-
picted by the z-axis, and it is created by the first frame of the camera. The rea-
son that the system should always be powered on in horizontal orientation
is that all the other transforms are based on the first frame of the camera and
the creation of the “map”. The "map” is connected to the “odom” transform by
ROS convention[55], while the “realsense_optical” is connected to the “"odom”
frame. This transform is dynamically calculated each time ORB-SLAMS3 pro-
duces the coordinates and quaternion, and follows the ROS camera conven-
tion[54] with the “_optical” suffix. This means that the axes have the follow-
ing orientation. The forward, right, and down movements are represented
by the z, X, and y axes, respectively, as shown in Figure 5.1. However, since
the body of the device should be represented as described before, the “re-
alsense_optical” transform is followed by the “realsense” transform, which has
the correct orientation. The “realsense” transform is static and contains a ro-
tation of 135 degrees on the x-axis, 90 degrees on the z-axis, and 0 degrees on
the y-axis, ensuring the correct orientation of the camera. Finally, the "nail”
transform is calculated in the nail_publisher node as follows. Initially, the
transform from “map” to “realsense” is determined, after which a translation
is applied on the x-axis by 8.5 centimeters backward and on the z-axis by -
length. The 8.5 centimeters backward represents the position of the RealSense
from the center of the pole, and the length represents the pole’s length, which

can be changed even during runtime. The tree can be seen in Figure 5.3.
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* Tree
* map
= odom
* realsense_optical
= realsense
nail

FIGURE 5.3: Transform tree in RViz

5.3.2 Launch Files

Launch files have been created for all the external devices used, as well as for
organizing the overall functionality.

Top-Level Module

Two of the most significant, as far as organizing is concerned, launch files are
the system.launch and system-bag.launch. Both of these files are responsible for
initiating all the other essential launch files, and as a result, all the nodes re-
quired for the system to function. The system.launch file is essential, as it is re-
sponsible for initiating several critical nodes, including the rs_d435.launch file
which initiates the RealSense camera, the nail.launch file which is described
in detail in 5.3.2, the rosbridge_websocket.launch file, and the slam_stereo.launch
file, as shown in Figure 5.5. System-bag.launch starts one more launch file than
the system.launch, because it was developed to work with rosbag files for test-
ing purposes. This extra file is a node named web_video_server, which pro-
vides the capability to watch a camera stream via a local server. A depiction
of the contents of this node is shown in Figure 5.4. It is important to note
that another launch file initiated by system.launch and system-bag.launch. This
was the file that controlled the IMU, which was later removed for the reasons
described in 6.2.
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system-bag.launch

rs_d435.launch

nodelet launch.xml

nodelet

rosbridge websocket.launch

{ rosbridge websocket J

nail.launch

nail_publisher

slam_stereo.launch

publisher

{ static_transform__

publisher

I

static_transform__ J

|

Stereo

web video_server

FIGURE 5.4: Depiction of launch file of the testing implementa-

tion

system.launch

rs_d435.launch

nodelet.launch.xml

rosbridge_websocket.launch

rosbridge_websocket

nail.launch

nail_publisher

slam_stereo.launch

static_transform
publisher

publisher

static_transform

Stereo

FIGURE 5.5: Depiction of launch file of the final implementa-

tion
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Pixhawk IMU Launch File

One of the first .launch files created was used for the IMU of Pixhawk. To send
data, a node needs to be running and a rosservice call needs to be executed
to start the stream. To achieve this, a .launch file is created that starts the
node by providing the path of the serial stream as a parameter. Additionally,
the rosservice call setstreamrate is executed. This call specifies which stream
should start and at what rate. A visual representation of this .launch file is

shown in Figure 5.6.

fcu.launch

[ mavros_node ]

/mavros/set_stream_rate

rosservice call

FIGURE 5.6: Depiction of the launch file of Pixhawk

RealSense Launch Files

The RealSense SDK comes with launch files that serve as examples. These files
pass all the necessary parameters to the node, which then executes them. For
the RealSense D435 and RealSense T265, the appropriate parameters have
been configured. Specifically, for the T265, the launch files have the capa-
bility to disable the camera sensors from the parameters enable_infral and
enable_infra2, while enabling the IMU data, which is controlled by the en-
able_gyro and enable_accel parameters. Furthermore, the publishing rates for
the accelerometer and gyroscope were set to the maximum rate of 62 Hz and
200 Hz, respectively. When the accelerometer and gyroscope data were com-
bined, the rate was set to 200 Hz, and the unity method is linear interpola-
tion. As for the RealSense D435, the emitter, depth, and RGB streams were
disabled, and only the enable_infral and enable_infra2 parameters have been
selected to be enabled, which control the two sensors of the stereo camera.
Also, the rate was set at 30 Hz. Additionally, another launch file has been cre-
ated to operate both the D435 and T265 at the same time. It is worth noting
that the launch files for the RealSense cameras mentioned before are launch-
ing another launch file, which initiates the node responsible for controlling
the devices as shown in Figure 5.7.
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system.launch

rs_d435.launch rosbridge websocket.launch nail.launch

nodelet.launch.xml

rosbridge websocket nail_publisher
nodelet

slam_stereo.launch
static_transform_ static_transform_
publisher publisher
[ Stereo }

FIGURE 5.7: Launch file of RealSense D435 (in blue) in final
system configuration

GUI Connection

The rosbridge_websocket.launch initiates the node that executes the functional-
ities to connect the main ROS system with the GUI application.
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system.launch

nodelet. launch.xml

rs_d435.launch rosbridge websocket.launch nail.launch

[ rosbridge websocket J nail_publisher

slam_stereo.launch

static_transform_ static_transform_
publisher

publisher

[ Stereo J

FIGURE 5.8: Launch file of Rosbridge (in blue) in final system

configuration

Stereo Inertial Configuration Launch File

The slam_stereo_imu_all.launch file is designed to assist in organizing the way

nodes are started and transforms are declared. Specifically, two static trans-

forms are declared utilizing the tf2_ros package, namely the transformation
between “map” to “odom” and the one between “realsense_optical” to “realsense”.
Additionally, the launch file initializes three nodes, the mavros_accel_gyro_separator,
t265_accel_gyro_merger, and Stereo_Inertial. The two first were used for test-

ing purposes and the last one was used to run the node that executes ORB-

SLAMS3. A visual depiction is provided below.

slam_stereo_imu_all.launch

‘ t265_accel_gyro_merger } [ mavros_accel_gyro_separator ’

t static_transform_|

publisher ] [ static_transform_publisher }

|

Stereo_Inertial J

FIGURE 5.9: Launch file of Stereo Inertial configuration
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Stereo and RGBD Configuration Launch File

The slam_stereo.launch and slam_rgbd.launch files initiate the same nodes for
the static transform as those mentioned in 5.3.2. However, it is worth noting
that the nodes for the IMU are not initiated here, as they are not used for
these particular configurations. Instead of starting the Stereo_Inertial node,
each launch file starts the RGBD node and the Stereo node of ORB-SLAM3
respectively. For the final configuration, the Stereo node has been chosen, as

seen in Figure 5.10.

system.launch

rs_d435.launch rosbridge websocket.launch nail.launch

nodelet.launch.xml
rosbridge websocket nail_publisher
nodelet

slam_stereo.launch

static_transform_ static_transform_
publisher publisher
[ Stereo J

FIGURE 5.10: Launch file of Stereo Inertial (in blue) in final sys-
tem configuration

Coordinate Extraction Launch File

The final launch file is nail.launch, which is responsible for initiating the nail_publisher
node. This file, although it starts only one node, is responsible for parsing the

default length of the pole as a parameter.
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system.launch

rs_d435.launch rosbridge websocket.launch nail.launch

nodelet.launch.xml
rosbridge websocket nail_publisher
nodelet

slam_stereo.launch

static_transform_ static_transform_
publisher publisher
[ Stereo J

FIGURE 5.11: Launch file responsible for the transform calcula-
tion (in blue) in final system configuration

5.3.3 Nodes

The nodes that have been modified from the ORB-SLAMS3, such as the ones

that have been created for this thesis are presented here.

Separation of Accelerometer and Gyroscope in Pixhawk

Pixhawk is managed from a node named mavros_node from the package mavros,
which publishes IMU data using the topic named /mavros/imu/data. The mes-
sage type is sensor_msgs/Imu[56], it is in a standardized format and its con-

tents are shown below.

Header header

geometry_msgs/Quaternion orientation

float64[9] orientation_covariance # Row major about x, y, z axes
geometry_msgs/Vector3 angular_velocity

float64[9] angular_velocity_covariance # Row major about x, y, z axes
geometry_msgs/Vector3 linear_acceleration

float64[9] linear_acceleration_covariance # Row major x, y z

The necessity to separate the data from /mavros/imu/data into two different

topics, the /mavros/imu/accel and /mavros/imu/gyro, resulted in the need for a
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node to be created. This node was named mavros_accel_gyro_separator. The
first topic, /mavros/imu/accel, is created by keeping only the values that are
related to the accelerometer. These data are represented in the fields lin-
ear_acceleration and linear_acceleration_covariance from the sensor_msgs/Imu men-
tioned before. The other fields of the message are filled with zeros. Respec-
tively, and as the name of the topic suggests, in the message of /mavros/imu/gyro,
only the data regarding the gyroscope are kept. These are the fields angu-
lar_velocity and angular_velocity_covariance, while the other fields are filled

with zeros.

| mavros/imu/accel—
—/mavros/imu/data mavros_accel_

gyro_separator /mavros/imu/gyro—s

FIGURE 5.12: mavros_accel_gyro_separator

Synchronization of Accelerometer and Gyroscope in T265

While using the IMU of RealSense T265, the need to combine the accelerom-

eter with the gyroscope data emerged. For this purpose, a node named
t265_accel_gyro_merger was created. Its functionality is to receive messages

from two different topics, at different rates, merge them, and publish the
combined data, as shown in Figure 5.13. The two topics are /camera_t265/accel/sample
and /camera_t265/gyro/sample, and they both contain the same type of mes-

sage which is sensor_msgs/Imu. These topics are being published by a node
provided by the RealSense SDK. From the two topics, the /camera_t265/accel/sample
contains information only about the accelerometer, so only the linear_acceleration
and linear_acceleration_covariance fields contain values. The other fields con-

tain zeros. Respectively, the /camera_t265/gyro/sample contains information

only about the gyroscope, and only the angular_velocity and angular_velocity_covariance
contain values, with the other fields being zero. The produced message in-
cludes information about both the accelerometer and the gyroscope. After
combining the messages, the new message is published via a topic named
Jcamera_t265/imu at the rate of the slowest receiving topic. In this thesis’ case,

this is the /camera_t265/accel/sample with a rate of 62.5 Hz even though the
Jcamera_t265/gyro/sample sends data with a rate of 200 Hz. A higher rate can

be achieved by repeating the last value between two continuously received

messages.
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—/camera_t265/gyro/sample

1265 accel

/camera_t265/imu—-
—J/camera_t265/accel/sample—| 9Yro_merger

FIGURE 5.13: t265_accel_gyro_merger

Stereo Inertial Configuration

Several nodes have been implemented by the ORB-SLAM3 developers with
Stereo_Inertial being one of them. This node is responsible for the calculation
of the output of the algorithm which is passed through the track variable. The
track variable type is Sophus SE3f, which is a variable type that includes a
quaternion and a translation consisting of four and three floats, respectively.
However, the track variable refers to the center of the body as seen from the
algorithm, which is the center of the IMU as far as the Stereo_Inertial node
is concerned. To calculate the track variable, a series of steps are required.
Firstly, three subscribers are created, one for the IMU and two for each stream
of the stereo camera. Once a message from any of these topics arrives, it is
stored in a buffer that is unique to each topic. Meanwhile, a new thread
starts a function named SyncWithImu, where the synchronization between
the images and the IMU data takes place, along with the calculation of the
algorithm. An addition that was made in this node, is the conversion of track
from SE3f to geometry_msgs/TransformStamped[57] type. This type has fields

as shown below.

Header header
string child_frame_id

Transform transform
The geometry_msgs/Transform[58] has the following form

Vector3 translation

Quaternion rotation

This conversion is necessary for transmitting the transform and managing
the transform tree using the "tf" package. Also, the appropriate values for

the transform tree are assigned.

More specifically, the created transform has as frame_id the value "odom” and
as child_frame_id the value "realsense_optical”. This means that the necessary

rotations and translations between these two frames are provided. While
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the total transform tree can be seen in Figure 5.3. Once the conversion and
assignment are complete, the TransformStamped variable is ready to be broad-
cast. This is achieved using the "tf2_ros" package. By broadcasting the trans-
form, it is integrated with the transform tree, and the values can be monitored
in the /tf topic.

Stereo Configuration

The Stereo node is another node that has been adapted for the requirements
of this thesis and is developed by the ORB-SLAM3 developers. Its primary
function is the same as 5.3.3, meaning to facilitate the computation of the
output of the ORB-SLAM3 algorithm. However, it differs in that it uses two
images without the IMU. Additionally, the node’s message synchronization
is performed using ROS functions instead of custom functions. However,
the track defined and used in the 5.3.3 is also utilized in this node. The addi-
tions that were made from the provided node and are identical to the ones at
5.3.3 are the following. These include the conversion of track from SE3f to ge-
ometry_msgs/TransformStamped and its broadcast. Before the conversion, the
transform is multiplied by a transform that brings it into the pose seen in Fig-
ure 5.1 in relation to the map. Moreover, a rosservice server has been added,
which is responsible for setting the algorithm to perform only localization.
This is done to increase the frame rate of the output. It is worth mentioning

that this is the node utilized in the final system.

RGBD Configuration

The last node that was adapted for the purposes of this thesis and was origi-
nally created by the ORB-SLAMS3 creators, is the RGBD node. Itis responsible
for the RGBD configuration of the algorithm and has the same functionality
as the 5.3.3, with the only difference being the topics used. Specifically, in this
node, the topics are the /camera/color/image_raw that contains messages from
the RGB camera, and the /camera/depth/image_rect_raw that contains messages
for the depth stream. The output of the algorithm is then calculated and the
same transformation is applied. However, the rosservice server is not used in
this implementation, as it was an attempt to increase the output rate of the

algorithm. Therefore, it was unnecessary to modify it to its latest version.
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Nail Publisher

The coordinates calculated from the algorithm are contained in the “realsense_optical”
transform, but there are two more transformations required to get to the nail
transform, which contains the final coordinates. These transformations are
"realsense” and “nail”. The “realsense” is a static transform declared in the
daunch file that starts the Stereo node. The "nail” transform is calculated in
the nail_publisher, which is a publisher node, as follows. Initially, a rosser-
vice server is created. This server is responsible for getting the length of
the pole and assigning it to the transform. A default value of 1.5 meters
has been set. After that, the name of the published topic is defined to be
/mail_publisher/coordinates, and the published rate is set at 30 Hz. Next, a
search for the transform from “map” to "realsense” frame takes place, followed
by the creation of a new transform referred to as the relation from “realsense”
to "nail”. The newly created transform contains information on the distances
between the body, as seen from the algorithm, and the end of the pole. The
body, which is the RealSense stereo camera is 8.5 centimeters forward of the
center of the pole and 1.5 meters up of the end of the pole. However, this is
not always the case. The user can change the length of the pole at any time
and then set the new value through the application. This value is passed to
the transform from “realsense” to "nail”. After that, the two transforms are
multiplied to get the final transform. From this transform, only the x, y, and
z values are published because only the coordinates are needed and not the

orientation of the device.

5.4 Chapter Summary

The implementation of the Raspberry Pi 4 as the development platform re-
quired careful attention to various configurations and setups. The selection
of Ubuntu Server 20.04 as the operating system, implementation of remote
access, and careful consideration of overclocking and cooling set the founda-
tions to ensure the stability and performance of the system. The integration
of ROS and RealSense SDK were critical steps that further enhanced the plat-
form’s capabilities, enabling effective data collection and processing. Addi-
tionally, the installation of required packages and ORB-SLAMS3, as well as
the algorithm itself was essential to the overall development.
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Chapter 6

System Integration, Verification,

and Performance Evaluation

In this chapter, the integration of the components is described, as well as the
verification of the system and the performance evaluation. The verification
of the system is conducted through a set of experiments, which were per-
formed to demonstrate the accuracy of the final system in various locations

and environments while running in real-time.

6.1 System Integration

The final system is an uncomplicated group of three devices. A smartphone
or laptop, the RealSense D435 stereo camera, and the RPi4 where all the com-
putations take place. The connection between the RPi4 and the stereo cam-
era is achieved through USB 3.0, while the smartphone is connected via WiFi
with the RPi4. The components are controlled using the ROS framework.
The software components are shown in Figure 5.5, and are described in 5.3.2.
Among the devices contained by the system was the IMU which ultimately,
was not included. Its integration revealed the difficulties described in 6.2,
where also the tried solutions are described. These challenges resulted in
not containing any IMU device in the final system and concluded the final

system as shown in the block diagram in Figure 6.1.
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FIGURE 6.1: System block diagram using the Raspberry Pi 4
with the RealSense D435 as a stereo camera and a smartphone
as a user interface.

6.1.1 3D Printed Case

During the process of integrating the physical components, the use of 3D
printing was employed. The main objective was to design a mount that could
securely hold the RPi4, the RealSense D435, and the power bank on the pole.
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The initial design was created by Angelos Antonopoulos, and it features a
modular layout that allows for easy removal or addition of components by
simply unscrewing three bolts that secure them in place, as shown in Fig-
ure 6.2. However, this design did not include a base to hold the power bank
or the RPi4, as shown in Figure 6.3, because the needs of the system were
still unclear. The process of creating the casing includes the designing of
the model and then printing it. In Figure 6.4 the designed models are shown.
The second design included the aforementioned bases together with a mount
for the D435 as seen in Figure 6.5. The printing material was acrylic styrene
acrylonitrile (ASA), a type of plastic that combines durability, while keeping
the cost at low levels.

FIGURE 6.2: Initial mount of the components of the system.
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FIGURE 6.3: Placing of the RPi4 and the power bank in the ini-
tial mount of the components of the system.

(A) 3D model for the casing of the Raspberry (B) 3D model for the casing of the power
Pi. bank and mount of the RealSense D435.

FIGURE 6.4: Designed 3D models for the casing of the system.
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FIGURE 6.5: Final configuration of the system.

6.2 IMU Integration Issue

After everything was installed it was time to start working with the configu-
rations of the algorithm. As mentioned before, ORB-SLAM3 can run as one
of the following configurations: Monocular (single camera), Monocular In-
ertial, Stereo (two cameras), Stereo Inertial, and RGBD. When the configura-
tions of ORB-SLAMS3 for Monocular or Stereo were tested, the algorithm was
running smoothly and only minor changes had to be made to make it work.
In the case of Monocular Inertial or Stereo Inertial, the algorithm crashed a
few seconds after starting. This indicates that there is an IMU-related issue.
It is worth mentioning that, as a way to eliminate the possibility of device
incompatibility another IMU was tested. Instead of using only the Pixhawk
IMU, the IMU from RealSense T265 was also utilized. The possible causes
were found to be four according to [1] and [59]. Below there is a description

of them with some possible solutions.

6.2.1 IMU Rate

In [1] it is mentioned that in the configurations using the IMU, it is crucial
for the IMU rate to be “orders of magnitude higher than the frame rate”. Since
the frame rate was 30 Hz, the IMU rate was set at 300 Hz. In Pixhawk’s IMU,
the rate was set at 300 Hz, meanwhile, this was not the case for the T265. In
the last, the maximum supported rate for the accelerometer is 62 Hz, and for
the gyroscope is 200 Hz. A node was created as an attempt to interpolate the
data and reach the rate at 200 Hz. Nevertheless, this solution did not work
for any of the IMUs.
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6.2.2 IMU Calibration

One more thing that could cause the IMU issue is miscalculated calibration
parameters. They are calculated during the calibration procedure, as men-
tioned in 5.2. There is a step, in which the IMU must be on a level surface,
and a rosbag file must be recorded with a duration of at least three hours.
Then this rosbag file is processed to extract the intrinsic parameters. During
this phase, the IMU must be completely still and in an empty room without
anyone creating vibrations. However, if vibrations that will give a wrong
calibration result are recorded, the recording must be repeated. Numerous
recordings have been repeated for both IMUs and all of them at night time
to ensure the validity of the recording. Nevertheless, it didn’t provide an

efficient solution to the problem.

6.2.3 Not Synchronized Messages

It is essential that the messages received by the IMU and the camera are syn-
chronized. However, because they have different rates, the messages might
arrive with a significant time difference. In ORB-SLAM3 this difference is
checked and if it is higher than a predefined limit it prompts an error mes-
sage. In the case that this happens continuously, the algorithm cannot con-
tinue to run and terminates. To ensure that this didn’t happen, the times-
tamps of the IMU messages were compared to the timestamps of the camera
messages. The difference they had was in the desired limits of the algorithm.
An additional action was performed and this was to increase the limit that is
set in the algorithm. However, even after performing this action, the problem
was not solved.

6.2.4 IMU Initialization

The authors of [1] annotate that, the IMU initialization process requires at
least two seconds to complete. During this time, the IMU must go through
enough rotation and acceleration to be effective, but not so much that it
causes frame losses from the camera. Despite numerous attempts to resolve

the issue by testing faster and slower movements, it remains unresolved.

Eventually, the suggestion of the authors of [1] was followed, which is that in
systems where the initialization fails or is difficult to achieve, the Mono and
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Stereo configurations should be used instead of Mono-Inertial and Stereo-

Inertial respectively.

6.3 Improving Output Rate

In this section, two attempts to improve the output rate of the algorithm will
be described. In the first one, the RGBD stream from the RealSense D435
stereo camera is utilized, and in the second one, the ability of the algorithm
to perform only localization is tested.

6.3.1 RGBD and Stereo Comparison

The Stereo-Inertial configuration was tested but not used due to the reasons
described in 6.2. Besides the four configurations of the ORB-SLAMS, there
is also the RGBD configuration. The RGBD and Stereo configurations were
tested and the last one was used in the final system. A more detailed expla-
nation follows. In the Stereo configuration, the depth is calculated using the
images of the stereo camera according to the procedure discussed in 3. The
depth calculation occurs for every frame resulting in increasing the compu-
tational needs in the RPi4 CPU. D435 provides a depth stream and as a way
to avoid these calculations, this depth stream was exploited. The RGBD con-
tiguration utilizes the depth stream from the D435 with the stream from the

RGB camera.

While running in the RPi4, ORB-SLAM3 Stereo produces results at a rate
of approximately 8 Hz, therefore the rate of the RGBD configuration is ex-
pected to be higher as fewer computations occur. However, the rate was not
increased from 8 Hz even with the RGBD configuration. This is explained be-
cause the RPi4 receives the depth data at a slower rate and the data is twice as
much. The stereo camera images are in an 8-bit format, while the depth and
RGB images are in a 16-bit format. There was an attempt to reduce the rate
of the D435 from 30 Hz to 15 Hz without having a significant difference. In
order to test the RGBD configuration, the RGBD node was used, as described
in 5.3.3, as well as the launch file 5.3.2.

6.3.2 Localization Only Mode

One more attempt to improve the output rate from the algorithm relied on

the reduction of computations the CPU has to execute. This attempt was to
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exploit the ability of the algorithm to perform only the localization part, and
the functionality is described in 5.3.3. The localization only mode was meant
to be activated only after the loop closure had occurred and the map had
been created. The results were promising as the output rate increased from
8 Hz to 14 Hz. However, it came with a drawback that made it unusable. A
few seconds after it was activated, the estimation of the position of the device
began to indicate a drift error, that as time passed it was getting worse until

the error was extremely high.

6.4 Performance Evaluation

While the experiments were conducted, it was noticed that if the pole mapped
the area by "looking" at the floor, the results presented a noticeable improve-
ment. This is expected for the reason that when viewing the floor, more fea-
tures are provided at a smaller distance than features provided by the walls.
Therefore, a new arrangement of the RealSense has been performed. The ini-
tial placing was facing forward, meanwhile, its new position is at a 45°angle

facing downwards.

As discussed in section 2, when it comes to GNSS-denied environments for
surveying, measuring tape, total station, 3D laser scanners, and laser distance
meters are considered some of the most reliable tools, while the total station
is one of the most accurate options. The measuring tape was used as a ref-
erence for the experiments. It is worth mentioning that, the performance of
algorithms for SLAM is generally measured using Absolute Trajectory Error
(ATE) and Relative Position Error (RPE) metrics. However, in this thesis sys-
tem, the primary concern is not the trajectory or the orientation of the system
but the coordinates that derive from them. Therefore, the accuracy of the sys-
tem is evaluated using the distance error as an accuracy metric. Additionally,
the mean absolute error (MAE) is taken into consideration.

6.4.1 Point-Capturing Procedure and Post-Processing Results

The process of point-capturing involves a series of steps. Initially, the sys-
tem must be powered on, and a smartphone must be connected via WI-Fi

and enter the web application. Secondly, the path that the user must follow
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should be in a loop-like shape containing the area of interest. This is impor-
tant for the algorithm to complete the loop closure step. The user’s move-
ment should be such that the system can recognize as many features as pos-
sible. Finally, the end of the pole should be placed at the desired point, and
the point should be captured using the smartphone. This simple procedure
could be challenging because the processing power of the RPi4 is insufficient
to provide the system with a high output rate. Therefore, the movement
must be slow, especially when performing a turn, to ensure that the system

can provide accurate results and avoid frame drops.

Initially, a set of points were marked on the ground and their distances were
measured using a measuring tape so they would be used as ground truth. Af-
ter that, point-capturing was performed following the aforementioned pro-
cedure. The coordinates of the captured points were downloaded, from the
web application into a file for further evaluation. After that, the captured
points were processed by a MATLAB script that was developed to compute
the distances between the points.

Post-Processing and Error Calculation

The developed MATLAB script imports the captured points from the down-
loaded file and calculates the distances between them by using the Euclidean
distance formula, which is then compared with the measured distances. The
error, in centimeters, is calculated by this comparison and later computed
in percentage accuracy. The experiments are organized in two phases, which
will be described later. As far as the first phase is concerned, one of the points
was selected as a zero point, with coordinates (0, 0, 0) to establish a reference
point. The script was designed to transform all points to the zero point by
subtracting their values for each axis. For example, in Figure 6.6, the p2 point
was chosen as the zero point, and its coordinates were subtracted from all
the other points. To get a better understanding, the MATLAB file was im-
proved to display the captured points, along with the ground truth points.
Additionally, the perimeter of the captured and ground truth points was also
displayed as shown in Figure 6.6. Regarding the second phase, a new script
was developed that calculated the error, in centimeters and the percentage
accuracy similarly to the first phase. Additionally, it was updated to calcu-
late a mean accuracy value by using measurements acquired by capturing

points in the same area multiple times.
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FIGURE 6.6: Points acquired by following a rectangular path.

The black and blue points and perimeter represent the mea-
sured distances and the estimated respectively.

6.5 Measurements and Results

6.5.1 Experiment Setup Description

The experiments were carried out in four distinct regions that were catego-
rized based on ground texture, and their size. Regarding their ground tex-

ture, two of them are high-featured, while the other two consist of a more
plain and simple texture.

The experiments are divided into two phases. In the first phase, the system
performance and accuracy are generally examined in different environments
and shapes. As far as the ground texture is concerned, the areas of interest are
the inside of a lab and a part of an outdoor square for the high-featured and
low-featured areas respectively. Regarding the dimensions, the small indoor
area varies from about 1.2 meters to 2.9 meters, while the small square area
is approximately from 2.1 meters to 2.5 meters. The distances of the large
indoor area are between 0.7 meters to 4.4 meters, while the large square area
varies from 4.25 meters to 4.9 meters.
In the second phase, the validity of the accuracy is evaluated by performing
multiple times the point-capturing procedure, while maintaining the same
area and the same points. The areas are the same as in the first phase as far

as the texture is concerned, however, there are slight differences regarding
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the dimensions. The small high-featured and low-featured areas are 1.3 x
2.8 meters and 1.5 x 3.0 meters respectively, while the large high and low-
featured areas are 2.8 x 8.9 meters and 3.0 x 9.9 meters.

The small and large areas were chosen to explore whether the accuracy of
the system is affected by the size of the interested area. While the high and
low-featured areas were selected examine the impact the features have on
the accuracy. It is expected to notice better results in small areas, and in high-

featured areas.

6.5.2 Indoor Small Room Experiments

The first accuracy experiment included three points shaping a triangular.
This shape was chosen for its simplicity, to initially test the distance differ-
ences as it includes three points and three distances connecting them. The
path followed during the test and the points acquired are shown in Figure 6.7,
while the estimated distances and points are shown in Figure 6.8. For this
test, the path shown in Figure 6.7 was followed three times. The first time
was for the algorithm to perform the loop closure step. The second and the
third were to acquire the points. In Figure 6.8, the points displayed in green
refer to the first point acquisition pass, and the points in blue to the second
point acquisition pass. The actual measured distances, the distances from the
acquired points, their differences, and the accuracy are shown in 6.1. The er-
ror is calculated as the difference between the actual and estimated distances.
It varies from 7.1 to 14.4 cm for the first pass, and from 4.2 to 6.3 cm for the
second pass, while the MAE is 10.8 cm, and 5.3 m respectively. It is important
to note that the mean accuracy is 94.55% for the first pass and 97.24% for the
second pass.

point 2

.......................... 1

h 23

FIGURE 6.7: Path followed for testing and point acquisition.
The area is a small room and the distances are d12 = 2.744 m,
d13 =2.880 m, and d23 = 1.215 m.
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FIGURE 6.8: Points acquired by following the triangular path
in Figure 6.7. The p1, p2, and p3 are point 1, point 2, and point
3 respectively. The blue points are taken during the first pass,
and the green during the second.

Distance |Measured|Estimated| Error | Accuracy |Estimated| Error | Accuracy
of points | distance | distance | (m) |Percentage| distance | (m) |Percentage
(m) tirst pass (%) second (%)
(m) pass (m)
1-2 2.744 2.600 |0.144 94.75 2.681 |0.063 97.70
1-3 2.880 2.728 |0.152 94.72 2.807 |0.073 97.47
2-3 1.215 1.144 | 0.071 94.16 1.173 | 0.042 96.54

pass, and 5.3 cm for the second pass.

TABLE 6.1: Actual values, measurements, and errors from the
path displayed in Figure 6.7. The MAE is 10.8 cm for the first

For the next experiment, four points were captured, shaping a rectangular.

This is also a simple shape that helps with understanding if there are any

scaling issues. The path followed during the test and the points acquired are

shown in Figure 6.9, while the estimated distances and points are shown in

Figure 6.10. For this test, the path shown in Figure 6.9 was also followed three

times for the same reasons as before. In Figure 6.10, the points displayed in

green refer to the first point-capturing pass, and the points in blue to the

second point-capturing pass. The actual measured distances, the distances

from the acquired points, their differences, and the accuracy are shown in 6.2.
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The error varies from 0.1 to 8.4 cm for the first pass, and from 3.9 to 7.2 cm for
the second pass, while the MAE is 4.2 cm, and 5.7 cm respectively. Moreover,
the mean accuracy is 96.85% for the first pass and 96.24% for the second pass.

point 1 point 2
B 7 :
ala a3

. 34 -
point 3

point 4

FIGURE 6.9: Path followed for testing and point acquisition.

The area is a small room, the path represents a rectangular and

the distances are d12 = 1.805 m, d23 = 1.215 m, d34 = 1.805 m,
and d14 =1.215 m.
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FIGURE 6.10: Points acquired by following the rectangular path

in Figure 6.9. The p1, p2, p3, and p4 are point 1, point 2, point 3,
and point 4 respectively. The blue points are taken during the

first pass, and the green during the second.

Distance |Measured|Estimated| Error | Accuracy |Estimated| Error | Accuracy
of points | distance | distance | (m) |Percentage| distance | (m) |Percentage
(m) tirst pass (%) (%) second (%)
(m) pass (m)
1-2 1.805 1.804 |0.001 99.94 1.736 | 0.069 96.18
2-3 1.215 1.175 ]0.040 96.71 1176 | 0.039 96.79
1-4 1.215 1.299 | 0.084 93.09 1.166 | 0.049 95.97
3-4 1.805 1.763 | 0.042 97.67 1.733 | 0.072 96.01

TABLE 6.2: Actual values, measurements, and errors from the

path displayed in Figure 6.9. The MAE is 4.2 cm for the first
pass, and 5.7 cm for the second pass.

6.5.3 Outdoor Square Experiments

Continuing with the experiments, two of them took place in an outdoor area.
Points were captured in a square by following a small and a large rectangular
path for simplicity. The captured points, the distances, and the path followed

are shown in Figure 6.11. The path had the same shape in both small and
large areas, with the difference that in the large area, it was scaled up. The

path was followed two times, the first was for the algorithm to perform the

loop closure step and the second was for the point-capturing procedure. The
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estimated distances for the small area are shown in Figure 6.12 and for the
large area in Figure 6.13. The Tables 6.3, 6.4 present the actual, the estimated
distances with the error of the estimated, and the accuracy. The errors vary
from 1.3 to 17.9 cm for the small area, and from 33.9 to 43.6 cm for the large
area, while the MAE is 9.3 cm, and 38.5 cm respectively. The mean accuracy
is 95.98% for the small area and 91.59% for the large.

point 1 point 2 point 3
g FO R LT T —— Bl e eenaaaan o . ey
di6 d34
L Fo T T Lo L
point 6 point 5 point 4

FIGURE 6.11: Path followed for testing and point acquisition.

The area is a small and large outdoor square, the path repre-

sents a rectangular. The distances for the small area are d12 =

2.396 m, d23 = 2.438 m, d34 = 2.126 m, d45 = 2.436 m, d56 =

2.396 m, and d16 = 2.124 m. The distances for the large area are

d12 =4.834 m, d23 = 4.862 m, d34 = 4.268 m, d45 = 4.874 m, d56
=4.834 m, and d16 = 4.270 m.
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FIGURE 6.12: Points acquired at the small square by following
the path in Figure 6.11. The p1, p2, p3, p4, p5, and p6 are point
1, point 2, point 3, point 4, point 5, and point 6 respectively.
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FIGURE 6.13: Points acquired at the large square by following
the path in Figure 6.11. The p1, p2, p3, p4, p5, and p6 are point
1, point 2, point 3, point 4, point 5, and point 6 respectively.

Distance of Measured Estimated Error (m) Accuracy
points distance (m) | distance (m) Percentage
(%)
1-2 2.396 2.366 0.030 98.75
2-3 2.438 2.269 0.169 93.07
3-4 2.126 2.139 0.013 99.39
2-5 2.122 2.205 0.083 96.09
4-5 2.436 2.388 0.048 98.03
5-6 2.396 2.217 0.179 92.53
1-6 2.124 2.252 0.128 93.97

TABLE 6.3: Actual values, measurements, and errors from the
small square path displayed in Figure 6.11. The MAE is 9.3 cm.
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Distance of Measured Estimated Error (m) Accuracy
points distance (m) | distance (m) Percentage
(%)
1-2 4.834 4.453 0.381 92.12
2-3 4.862 4.496 0.366 9247
3-4 4.268 3.929 0.339 92.06
2-5 4.268 3.832 0.436 89.78
4-5 4.874 4.504 0.370 9241
5-6 4.834 4.464 0.370 92.35
1-6 4.270 3.839 0.431 89.91

TABLE 6.4: Actual values, measurements, and errors from the
large square path displayed in Figure 6.11. The MAE is 38.5 cm.

6.5.4 Indoor Large Room Experiments

The following experiment was performed indoors, in a large area. The ar-
rangement of the points is random as shown in Figure 6.14, where the path
followed and the distances are also shown. The estimated distances are
shown in Figure 6.15 in which the first pass is displayed with blue color and
the second pass with green. The actual and the estimated distances, the error,
and the accuracy are presented in Table 6.5. The errors vary from 0.2 cm to
38.3 cm for the first pass, and from 6.4 cm to 41.5 cm for the second pass,
whereas the MAE is 16.2 cm, and 17.3 cm respectively. The mean accuracy is

90.76% and 89.49% for the first and second pass respectively.



74 Chapter 6.

System Integration, Verification, and Performance Evaluation

point

I:n,._____

046
poipt 6

“bgint 8

d39
de7

point 3

d35

;

. gspoint5
e

point 7

point 1

FIGURE 6.14: Path followed for testing and point acquisition.
The area is a large room, and the points are randomly dis-
tributed in the area. The distances d12 = 2.733 m, d28 = 0.912
m, d89 = 0.864 m, d39 = 1.845 m, d35 = 1.253 m, d57 = 0.684 m,
d67 = 4.345 m, d46 = 0.690 m, and d48 = 2.449 m.
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FIGURE 6.15: Points acquired at the large room by following
the path in Figure 6.14. The p1, p2, p3, p4, p5, p6, p7, p8, and
p9 are point 1, point 2, point 3, point 4, point 5, point 6, point
7, point 8, and point 9 respectively. The blue points are taken
during the first pass, and the green during the second.
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Distance |Measured |Estimated| Error | Accuracy |Estimated| Error | Accuracy

of points | distance | distance | (m) |Percentage| distance | (m) |Percentage

(m) first pass (%) second (%)
(m) pass (m)

1-2 2.733 2523 |0.210 92.32 2517 |0.216 92.10
3-5 1.253 1.167 |0.086 93.14 1.124 |0.129 89.70
4-6 0.690 0.580 |0.110 84.06 0.595 |0.095 86.23
5-7 0.684 0.640 |0.044 93.57 0.620 | 0.064 90.64
6-7 4.345 3962 |0.383 91.19 3.930 |0.415 90.45
2-8 0.912 0.800 |0.112 87.72 0.815 |0.097 89.36
4-8 2.449 2.258 |0.191 92.20 2.256 |0.193 92.12
3-9 1.845 1.529 |0.316 82.87 1.593 |0.252 86.34
8-9 0.864 0.862 | 0.002 99.77 0.764 | 0.100 88.43

TABLE 6.5: Actual values, measurements, and errors from the
path displayed in Figure 6.14. The MAE is 16.2 cm for the first
pass, and 17.3 cm for the second pass.

During the experiments, it was tested whether the algorithm could produce
better results if more passes occurred during the point-capturing procedure.
In the small room where the path formed a triangle, the accuracy is signif-
icantly increased during the second pass compared to the first. However,
this was not the case in the experiment where the path formed a rectangle,
indicating that even with additional passes the algorithm provided similar
accuracy values. This was further confirmed in the large room experiment,
where the accuracy was slightly lower in the second pass compared to the
first pass. Additionally, experiments with rectangular paths were conducted
to investigate whether the algorithm produced scaled points. Analysis of the
results presented in Tables 6.2, 6.3, and 6.4 revealed no scaling errors in any
of the tests performed.

6.5.5 Second Phase of Experiments

More experiments regarding the accuracy of the algorithm were conducted.
In this phase, the areas that were observed were separated into small and
large, and high- and low-featured. The high-featured area was on a tiled

floor as shown in Figure 6.16, while the low-featured area was outside, with
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the ground having little stones as shown in Figure 6.17. The small and large
paths that were followed, in both high- and low-featured areas, are shown in
Figure 6.18.

e

FIGURE 6.16: Texture of the high-featured area. They provide
the algorithm with many features.

FIGURE 6.17: Texture of the high-featured area. They provide
the algorithm with few features as it is a more uniform pattern.
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FIGURE 6.18: Paths followed and points captured during this
phase of the experimentation. The path in blue represents the
small area, while the path in green represents the large.

The purpose of this phase of experimentation is to examine in which environ-
ment the accuracy is higher. To achieve this, the point-capturing procedure
was performed five times in each of the four areas. Every time, the path was
followed one time for the loop closure to take place, and then the desired
points were captured. For the small areas, these points are P1, P2, P3, and P4,
while for the large areas, the P1, P5, P6, and P4 points were captured.
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FIGURE 6.19: Accuracy of the system in the four areas.

It is concluded that the system produces better results in the area that con-

tains more features and is small in size, as seen in Figure 6.19.
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6.6 Chapter Summary

In conclusion, the chapter detailed the successful integration of system com-
ponents, the challenges encountered during IMU integration, and the deci-
sion to exclude the IMU from the final system. The 3D printed case design
was also described, highlighting the use of 3D printing for physical com-
ponent integration. The experiments were conducted to verify the system’s
performance in different locations and environments that were selected due
to specific characteristics. The created system performs with greater accu-
racy in high-featured and small-sized environments, in which the achieved
accuracy was 96.27%, while in the other environments varied from 87.12%
up to 90.44%. The system is more accurate in small areas because the error
accumulation is fewer in small distances, and provides more accurate results

in high-featured areas for the reason that there are more features to detect.
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Chapter 7

Conclusions And Future Work

7.1 Conclusions

In conclusion, the main objectives were successfully accomplished, although
with varying levels of accuracy, which can be attributed to the system being
a first-generation system. The non-utilization of the IMU had a negative im-
pact on the results obtained when compared to the accuracy reported in [1].
It was proven that the system performs optimally in relatively small high-
featured areas, while its accuracy may decline in larger or low-featured areas.
However, it was observed that in small, high-featured areas, the system can
achieve a distance accuracy of 96.27%, even without utilizing the originally
planned IMU. Moreover, the practical applications of these findings could be
applied to create a better version of the system, and later be used in the fields

of indoor positioning, among others.

7.2 Future Work

The results that occurred can lead to further improvements in future ver-
sions of the system, such as utilizing a more powerful embedded system,
incorporating more accurate sensors, or experimenting with different algo-
rithms. Another useful extension would be the addition of a GNSS receiver,

that would result in extracting the coordinates from the captured points.
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